and ocean numerical models. 63 Although models with the M-Y scheme can successfully reproduce many general 64 features of the ocean, it does have some deficiencies, so various remedies have been 65 proposed over the years to improve the scheme [Kantha and Clayson, 1994; Ezer, 66 2000; Mellor, 2001 ]. In particular, insufficient mixing in the upper ocean during 67 summer is a common problem of ocean circulation models, no exception for models 68 using M-Y scheme. The result of insufficient mixing is too high sea surface 69 temperature [SST hereafte; Martin, 1985] and too low subsurface temperature [Ezer, 70 2000]. In fact, the M-Y scheme was developed for stratified boundary layers near 71 rigid surfaces, in which the principal balance in the turbulence kinetic energy (TKE) 72 equation is among the local shear production, buoyant production, and dissipation 73 [Mellor and Yamada, 1982] . This assumption may be appropriate for atmosphere 74 models, but not for ocean models if the presence of surface waves in the ocean is 75 considered. 76 Surface waves at the air-sea interface play an important role in the TKE budget for Most of wave energy is locally dissipated through wave breaking [Donelan, 1998] (Fig. 2a) .
211
In Exp. W3, however, the enhanced q by wave-turbulence interaction extends into 212 much greater depth compared to that in Exp. W2 (Fig. 2c) , although l shows little 213 change (Fig. 2b ). This change in q enhances the simulated ε significantly (Fig. 2d) . At 214 the same time, they can cause an increase of the stability factor S h via changing the 215 Richardson number G h (Fig. 2e ). In the M-Y scheme, the vertical diffusivity K h is 216 proportional to q, l, and S h . Thus the simulated K h in Exp. W3 is much larger than that 217 in Exp. W1 (Fig. 2f) , which results in a decrease in the SST (Fig. 1 ) and an increase in 218 the mixed layer depth (Fig. 2a) . instability, then generating too large stability factor S h [Ezer, 2000] .
231
The temperature near the surface decreases slightly when the wave breaking 232 effect is considered (Fig. 3a) . layer is much deeper than the wave height, so that the wave-breaking effects are 240 negligible (Fig. 4b) . On the other hand, if the mixed layer is weakly stratified under a 241 strong surface heating condition, wave breaking can still affect the SST (Fig. 3a) .
242
The effects of wave-turbulence interaction are also dependent on the wind stress (Fig. 5a ).
247
The simulated SST in Exp. Ha3 (wave-turbulence interaction) is about 1.5 o C lower 248 than that in Exp. Ha1 on Day 2. Under high wind conditions, however, the shear 249 production of TKE is much larger than that by wave-turbulence interaction (Fig. 5b) , 250 so that wave-turbulence interaction has relatively little effect on the temperature in the 251 upper ocean (Fig. 4b) . (Figs. 6c,d) . The Richardson number G h is positive in the unstable stratification, so 260 that the increase of q can decrease G h, and the stability factor S h (Fig. 6e) . (Fig.7a) and sharper than observed (Figs. 9a, 9d) , so that the subsurface temperature is 315 significantly underestimated with a maximum bias of up to -4 o C (Fig. 10a) .
316
At Station Papa, the shallowest MLD is about 20 m, which is much deeper than 317 that achieved by wave breaking. On the other hand, the temperature in the mixed layer 318 is nearly uniform (Fig. 9) . As discussed in Section 3, wave breaking alone has very 319 little effect on the upper-ocean thermal structure under these conditions. Thus the 320 simulated temperature profile and its deviation from observations in Exp. P2 are quite 321 similar to those in Exp. P1 (Figs. 9b and 10b) . As seen before, wave-turbulence 322 interaction can affect greater depth than wave breaking, and thus the simulated 323 seasonal thermocline is more realistic in Exp. P3 (Fig. 9c) , with maximum 324 temperature error of only 1 o C (Fig. 10c) .
325
These improvements of the upper-ocean thermal structure can also be seen from These biases are attributed to insufficient mixing (Fig. 12) In our experiments, when wave-turbulence interaction is incorporated into the 346 model, the simulated vertical mixing is greatly enhanced (Fig. 12) . Strong mixing can 347 transport a large amount of heat from the surface layer to the subsurface, resulting in a 348 decrease in the surface temperature and an increase in subsurface temperature (Fig.   349 11). Thus, the temperature distribution of the upper ocean is improved greatly in Exp. 
Results
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The most outstanding features induced by the wave breaking and a maximum bias up to 3 o C (Fig. 13a) . The temperature biases in Exp. G2 (wave 401 breaking) are quite similar to that in Exp. G1, but their amplitudes seem to be reduced 402 slightly due to the enhanced mixing of wave breaking (Fig. 13b) . Although it is 403 believed that the mixing induced by wave breaking is mainly limited to the upper few (Fig. 16a) .
433
In Exp. G2, the simulated thermocline seems to be slightly improved due to 434 16 wave-breaking effect (Fig. 15b) , and the temperature biases decrease slightly 435 compared to that in Exp. G1 (Fig. 16b) . In Exp. G3, the seasonal thermocline is 436 greatly improved by including the wave-turbulence interaction (Fig. 15c) , and the 437 maximum deviation from the climatology decreases to 2.0 o C (Fig. 16c) 
